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Available online 9 October 2015AbstractThe thermoelectric figure of merit zT of SnTe, an analogue to PbTe, has long been known to be about 0.6, mainly due to its single band
transport behavior. Similar to what has been found in PbTe, alloying with group II monotellurides such as CdTe, HgTe, MgTe enables a reduced
energy separation between the two valence bands of SnTe, leading to converged bands for a significantly increased zT to ~1.1 with demonstrated
further improvements by other independent strategies such as nanostructuring. Here we show alloying with highly soluble MnTe not only tunes
the band structure but also reduces the lattice thermal conductivity, leading to a record zT of ~1.3 at 900 K in the alloy form that does not rely on
additional mechanisms for lattice thermal conductivity reduction. This work demonstrates Sn1xMnxTe as a potential alternative for PbTe with
toxic Pb.
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Thermoelectric (TE) energy conversion technique, convert
heat into electricity directly based on the Seebeck effects, has
been utilized for powering the spacecrafts of deep-space
missions for decades [1]. In recent years, TE application
have attracted increasing interest to the automotive industry as
a sustainable and emission free route to vehicular waste heat
recovery [2], however, the relatively low conversion efficiency
limits the widespread use. The conversion efficiency of a TE
material is determined by the figure of merit, zT ¼ S2sT/
(кeþ кL), where S, s, кe and кL are the Seebeck coefficient,
electrical conductivity, and the electronic and lattice compo-
nents to the thermal conductivity, respectively. To maximize* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).zT, high S, highs, and low кeþ кL are required, but the inter-
dependence between S, s and кL via the carrier concentration
in a TE material makes the property manipulation difficult [3].
The only one independent material property is the lattice
thermal conductivity, which needs to be minimized. A variety
of strategies such as nanostructuring [4e13], lattice anhar-
monicity [14,15] and liquid phonons [16,17], are proposed to
achieve high performance TE materials through a low lattice
thermal conductivity, which have demonstrated in various
materials over the recent ~15 years. For example, through the
all scale microstructure engineering in p-PbTe to scatter heat-
carrying phonons with a broad wavelength, zT > 2 is reported
[5].
Unfortunately, it is well believed in bulk materials at least
there is a lower limit to the lattice thermal conductivity when
the phonon mean free path reaches the interatomic distance
[18]. Most of the reported high zT PbTe materials actually
show a lattice thermal conductivity approaching this lowerer B.V. This is an open access article under the CC BY-NC-ND license (http://
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band engineering [19,20] to increase the thermoelectric power
factor (S2s) and therefore zT, has also been proven to be
successful. Demonstrated strategies are typified by the high
band degeneracy through band convergence in PbTe [21],
Mg2Si [22,23] and half-Heusler [3,24] alloys, and by the
resonant doping [20,25e28].
The concept of band convergence is usually demonstrated
in solid solutions. Taking p-type PbTe as an example, alloying
with PbSe [21], MnTe [29], MgTe [30] and CdTe [31] not only
tune the band structure for a high band degeneracy and
therefore power factor, but also scatter phonon for a decreased
lattice thermal conductivity (кL), leading to a significant
enhancement on TE performance [21,29e31]. The band
convergence is achievable, first of all, due to the existence of
two sub-valence bands in PbTe with a small energy offset
(DE¼ 2e4 kBT ) at room temperature [32e37], in addition,
the formation of solid solutions with these species enable a
reduced energy offset between these two bands [19]. The
reduction on the lattice thermal conductivity can be well un-
derstood based on the DebyeeCallaway model [38e40],
where the alloy defects lead to a phonon scattering due to the
mass and strain fluctuations between the host and guest atoms.
A combination of band convergence and alloy defects scat-
tering effects, PbTe alloys show an extraordinary high zT value
of ~1.8 [21,30,31] without relying on the nanostructuring
[4e13], lattice anharmonicity [14,15] or liquid phonons
[16,17] mechanisms, leading to a great potential for further
improvements through a panoscopic approach [5,41,42]..
Due to the above well demonstrated strategies for high zT in
PbTe, as an analogue to PbTe, lead-free tin telluride (SnTe)
can also be expected to achieve a high thermoelectric perfor-
mance as an environmental friendly alternative to PbTe. SnTe
has the same crystal structure and a similar electronic band
structure with PbTe. The biggest difference is the energy offset
(DE ) between the two sub-valence bands in SnTe
(DE¼ 12e15 kBT ) [43] being significantly larger than that of
PbTe (DE¼ 2e4 kBT ) at room temperature [44e46]. The
large difference on valence band offset leads to completely
different transport properties of holes between PbTe and SnTe.
In the case of p-PbTe, when the material is optimally doped to
have a room temperature Hall carrier concentration (nH) of
5e20  1019 cm3 or higher, the carriers inherently populate
the lower valence band enables a high zT to be achieved
because of the overall higher band degeneracy. However, SnTe
has only one valence band contributing to the thermoelectric
transport properties at these carrier concentrations, which
actually limits the maximal zT to be ~0.6 [47]. Further
increased carrier concentration to ~1021 cm3, leading the
Fermi level deeper into the first valence band, indeed resulting
a redistribution of holes from the first to the second valence
band. Unfortunately, these carrier concentrations are over-
whelmingly higher than what is needed for optimized zT can
be achieved. This leads to the net fact that thermoelectric SnTe
practically acts as single band transport behavior [47].
It is then straight forward that a great enhancement on zT
can be expected in SnTe if the valence band offset is reduced.Very similar to the case of PbTe [29e31], formation of SnTe
solid solution with group II monotellurides such as MgTe [48],
CdTe [49] and HgTe [50], has been very recently proved to
effectively reduce the valence band offset. The resulting ef-
fects of band convergence and phonon scattering by alloy
defects in solid solutions, leads to a significantly increased zT
to ~1.1 [26]. Taking solid solutions as a starting point, a
combination with other strategies such as nanostructuring
[26,49,51] and resonant doping [26] enables a further ther-
moelectric performance enhancement [26,49,50].
The solubility of reported group II monotellurides (Cd, Hg,
Mg) in SnTe, which enables a band convergence, is less than
10%. Providing the room temperature valance band offset
(12e15 kBT ) in SnTe [43] is much larger than that in PbTe
(2e4 kBT ) [44e46], highly soluble species is expected to
allow the band structure to be engineered in a larger degree.
Additionally, higher concentration of solute, particularly
having large atomic mass difference with the solvent, will lead
to a stronger phonon scattering by alloy defects.
According to the phase diagram [52], highly soluble MnTe
is used to form solid solution with SnTe in this work. We
confirmed its high solubility (~15% mol) and its effectiveness
on converging the valence bands in SnTe. Further due to the
resulting phonon scattering by alloy defects, a significantly
enhanced thermoelectric figure of merit, zT~1.3 is obtained,
being the highest in the solid solution form ever reported
[26,27,48e50]. Different from other high thermoelectric per-
formance SnTe materials reported so far, the obtained high zT
in this work does not rely on any other strategies for a further
reduction on the lattice thermal conductivity, demonstrating
Sn1xMnxTe solid solutions as a superior starting material for
further improvements.
2. Experimental procedure
Polycrystalline Sn1xMnxTe alloys with x up to 0.18 were
synthesized by melting the stoichiometric amount of high
purity elements (>99.99%) at 1123 K for 6 h, quenching in
cold water and annealing at 950 K for 3 days. I-doping within
2% was used to tune the carrier concentration for the samples
with x ¼ 0.15. The resulting ingots were hand ground into fine
powder for X-ray diffraction (XRD, Dandong Haoyuan In-
strument Co. LTD) and hot press. Pellet samples were ob-
tained by an induction heating hot press system [53] at 900 K
for 30 min under a uniaxial pressure of ~60 Mpa. The obtained
dense samples (>98% of the theoretical density) were about
12 mm in diameter and ~1.5 mm in thickness. To be less
involved in measurement uncertainties due to the possible
hysteresis and the sample dimension determinations, the
electrical transport properties including resistivity, Seebeck
coefficient and Hall coefficient were simultaneously measured
on the pellet samples during both heating and cooling. The
Seebeck coefficient was obtained from the slope of the ther-
mopower vs. temperature gradients within 0e5 K [54]. The
resistivity and Hall coefficient (RH) were measured using the
van der Pauw technique under a reversible magnetic field of
1.5 T. Thermal diffusivity (D) was measured using a laser flash
309W. Li et al. / J Materiomics 1 (2015) 307e315technique with the Netzsch LFA457 system, the heat capacity
was determined by Cp(kB/atom) ¼ [3.07 þ 0.00047(T/K-300)]
[19,21,29e31,55e57], where T is the absolute temperature. It
should be emphasized that this simple equation is obtained by
fitting the experimental data reported by Blachnik with an
uncertainty of 5% for all the lead chalcogenides and tin
telluride [58]. The thermal conductivity was calculated via
к ¼ dCpD, where d is the density measured using the mass and
geometric volume of the pellet. The sound velocity was
measured using an ultrasonic pulse-receiver (Olympus-NDT)
equipped with an oscilloscope (Keysight). All the transport
property measurements were carried out under vacuum in the
temperature range of 300e900 K. The measure uncertainty for
each transport property (S, s and к) is about 5%. The micro-
structure was characterized by High-Angle Annular Dark
Field (HAADF) imaging in Scanning Transmission Electron
Microscopy (STEM) mode. STEM specimens were prepared
by mechanical slicing, polishing, and dimpling, and followed
by ion-milling with liquid nitrogen until electron transparency
was achieved.
The electronic band structures were computed within the
framework of density functional theory (DFT) which was
carried out using the Perdew-Burke-Ernzerhof (PBE) param-
etrization of the generalized gradient approximation (GGA)
[59] as implemented in the Vienna ab initio simulation pack-
age (VASP) [60,61]. We adopted a 3  3  3 supercell of
Sn27Te27 with and without Mn substitution on the Sn site. In
the case of MnSn26Te27, we do not have to consider the Mn-
occupation configuration because all the Sn atoms in this
supercell are equivalent. When Mn-concentration increases to
Mn2Sn25Te27, we have considered three atomic configurations
where the substitutional Mn atom pairs are in the first to the
third nearest neighbors in the Sn sub-lattice. A plane wave
energy cutoff of 350 eV was applied to all of the Sn1xMnxTe
systems, and charge self-consistency was performed until the
energy was converged to within 106 eV. A k-point mesh of
4  4  4 was generated by the Monkhorst-Pack scheme [62]
for the 3  3  3 supercell of the rock-salt structure con-
taining 54 atoms. All the systems were fully relaxed before the
non-self-consistent band structure calculations, and the spin-
orbit coupling effects were included.
3. Results and discussion
The XRD patterns of Sn1xMnxTe (x ¼ 0, 0.03, 0.06, 0.09,
0.12, 0.15, 0.18) samples are shown in Fig. 1a. All the peaks
can be well indexed to the rock-salt structure as x  0.15,
indicating single phase of all samples. With a further increase
in x to 0.18, impurity phase is observed, which can be indexed
to MnTe phase. Importantly, the lattice parameter (a) is found
to decrease linearly with the increasing x up to 0.15 via da/
dx ¼ 0.44 Å/mol% (Fig. 1b), following well with the Vegard's
law giving an extrapolated lattice parameter of 5.89 Å for
MnTe in the rock-salt phase, which is well consistent with that
of MnTe obtained from CaeMn chalcogenides experimental
results (5.88 Å) [63]. The lattice shrinkage can be understood
by the smaller size of Mn as compared with Sn. Therefore, thesolubility of MnTe in SnTe is estimated to be about 15% mol.,
which is in good agreement with the literature [52]. Due to the
much inferior thermoelectric performance of the two-phase
sample with x ¼ 0.18, its transport properties are not shown
in the following discussion for clarity.
To further confirm the formation of solid solution,
Sn0.85Mn0.15Te sample, the highest Mn concentration in this
study, was characterized by HAADF imaging. No secondary
phase is observed. A uniformly distributed Mn atoms can be
concluded in general, according to our STEM observations.
However, some Mn-rich domains with size of ~1 nm are
observed, which is identified using Electron Energy Loss
Spectroscopy (EELS) technique as shown in Fig. 1c and d.
Being the same with the matrix SnTe, these domains crystalize
a sodium-chloride structure. The resulting lattice distortion is
negligible as evidenced by the high-resolution HAADF
observation (Fig. 1d), indicating the single phase of the ma-
terial. All these results indicate the formation of a solid so-
lution with a MnTe solubility up to ~15 mol%.
Alloying SnTe with MnTe is expected to decrease the en-
ergy separation of the two valence bands of SnTe. This is
confirmed by our DFT calculations as shown in Fig. 2. The
direct band gap and the energy offset between the valence
bands (VB) maxima along the S direction and at the L point,
are found to be 0.1 eV and 0.25 eV for pristine SnTe,
respectively. Our calculations are in good agreement with the
literature [45,50]. Most importantly, the energy offset between
the VB maxima decreases linearly with increasing Mn con-
centration. Similar band offset reduction due to alloying have
also been reported previously [48e50].
The convergence of the two valence bands of SnTe, occurs
at ~700 K, has been reported based on the temperature
dependent Hall coefficient measurements [64,65]. This is
confirmed in Fig. 3a where the temperature dependent RH for
Sn1xMnxTe is shown. It is well believed that a peak RH will
be observed due to the redistribution of carriers between the
light- and heavy-hole bands [66]. Therefore, the maximum of
RH, a sign of band convergence [30], appears at a much lower
temperature when MnTe concentration increases, indicating
the reduction of energy separation between the two valence
bands in SnTe due to alloying with MnTe [30]. This is
consistent with our band structure calculations.
As can be expected from the resulting redistribution of
holes between the two valence bands, the overall Hall
mobility should be reduced because the effective mass of the
heavy band is much larger than that of the light band [67,68].
This is shown in Fig. 3b. However, the Hall mobility (mH) for
all the samples show a very similar decrease with increasing
temperature via mH ~ T
p, where p < 1.5 [32] indicates an
unchanged dominant mechanism of charge carriers scattering
by acoustic phonons. Other scattering mechanisms such as
by grain boundaries, point defects, polar-optical phonons,
and ionized impurities predict p  0.5 implying that these
mechanisms do not dominate the transport properties.
Therefore, the Hall mobility is decreased with increasing
MnTe concentration, due to not only the carrier scattering by
alloy defects but also the increased less-mobile holes
Fig. 1. (a) XRD patterns and (b) the lattice parameter for Sn1xMnxTe (0 < x < 0.18), showing a lattice shrinkage and a solubility of ~15% mol can be estimated.
(c) Low-magnification and (d) high-resolution HAADF images for Sn0.85Mn0.15Te, indicating a formation of solid solution.
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convergence.
Because of the redistribution of holes into the heavy
valence band, a significant increase in Seebeck coefficient is
commonly observed in PbTe [29e31] and SnTe-based alloys
[26,27,48e50]. As shown in Fig. 4a, Seebeck coefficient en-
hancements at room temperature can only be observed in bi-
nary SnTe at high Hall carrier concentrations of
nH > ~ 2  1020 cm3, with a maximum appears at
nH ~ 8  1020 cm3 [47]. Due to the band convergence effect
induced by alloying with MnTe as evidenced from our DFT
calculations, it is clearly shown that a higher MnTe concen-
tration leads to a stronger Seebeck coefficient enhancement.
This result provides a clear evolution on solid solution
reducing the band offset in SnTe, and shows a good agreement
with the above mentioned temperature dependent Hall coef-
ficient measurements (Fig. 3a). Furthermore, when back dope
the Sn0.85Mn0.15Te solid solution with iodine to obtain
different carrier concentrations [47,69], all the resulting ma-
terials show a Seebeck coefficient well above the Pisarenko
line (Hall carrier concentration dependent Seebek coefficient)
that predicted based on a two band model [47]. More quan-
titatively, the obtained room temperature Seebeck coefficient
of ~60 mV/K in Sn0.85Mn0.15Te alloys, is about four times
increased as compared with SnTe (~15 mV/K). Fig. 4a also
shows a detailed comparison on the Seebeck coefficient withavailable literatures in SnTe solid solution with band conver-
gence effect. It is shown the Seebeck coefficient enhancement
obtained in Sn0.85Mn0.15Te is much more significant than any
other ever reported, suggesting a better band alignment that
can be expected from the higher solubility of MnTe (~15%).
This band convergence resulted Seebeck coefficient enhance-
ment persists to higher temperatures as shown in Fig. 4b.
Because of the reduced band offset between the light and
heavy valence bands in Sn1xMnxTe alloys, the resulting more
holes residing in the heavy band, contribute much less to the
total electrical conductivity. An expected reduction on the
overall Hal mobility is usually found in PbTe alloys [29,30],
which is confirmed here as well in Sn1xMnxTe alloys, as
shown in Fig. 4c and d for both low and high temperatures,
respectively. In addition, the alloy defects should lead to local
potential energy fluctuations that reduces the mobility
[70e72], which has been observed in our previous work on
PbTe alloys [29,30]. The Hall mobility reduction is found to
be increased with increasing MnTe concentration.
It is the thermoelectric power factor (PF ¼ S2s) that relates
to the thermoelectric figure of merit (zT ) in a more straight
forward way. As shown in Fig. 4e and f for both low and high
temperatures, respectively, the power factor is indeed
enhanced, which can be well expected from the converged
sub-valence bands as indicated by our band structure calcu-
lations. Similar behavior has also been obtained in our
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Fig. 2. The calculated band structures for (a) Sn27Te27, (b) Sn26MnTe27 and (c) Sn25Mn2Te27. (d) The energy offset between the valence band maxima along the S
direction and at the L point. Three different substitution configurations for Sn25Mn2Te27 have been considered and the average band offset with the resulting error
bar is shown in (d).
Fig. 3. Temperature dependent (a) Hall coefficient (RH) and (b) Hall mobility (mH) for Sn1xMnxTe, indicating a negligible change on the dominant mechanism on
the carrier scattering by acoustic phonons but an obvious band offset reduction between the valence bands evidenced from the much lowered temperatures peaking
RH.
311W. Li et al. / J Materiomics 1 (2015) 307e315previous work on PbTe alloys [29]. As a second order effect
for the electronic transport but very important for potentially
enhancing zT, the reduced Hall mobility in these alloys will
lead to a less contribution to the total thermal conductivity at a
given Hall carrier concentration, resulting in a high zT to be
obtainable even without an S-enhancement.Due to the reduced Hall mobility (see Figs. 3 and 4), the
resistivity of Sn1xMnxTe alloys is gradually increased with
increasing Mn concentration, as show in Fig. 5a. The samples
are labeled by both the alloy concentration x and the room
temperature Hall carrier concentrations nH. It is seen that high
carrier (nH > 9.6  1019 cm3) concentration samples show an
Fig. 4. Hall carrier concentration dependent Seebeck coefficient (a, b), Hall mobility (c, d) and power factor (e, f) at 300 K (a, c, e) and 725 K (b, d, f) for
Sn1xMnxTe alloys, with a comparison to the literature [47] modeling and experimental results. The current work (red and green symbols) shows an increase in the
Seebeck coefficient, a decrease in the Hall mobility and an enhancement in thermoelectric power factor (PF ¼ S2s).
Fig. 5. Temperature dependent resistivity (a) and Seebeck coefficient (b) measured during both heating and cooling for Sn1xMnxTe alloys, indicating a tunable
conduction from metallic to intrinsic.
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313W. Li et al. / J Materiomics 1 (2015) 307e315increased resistivity with increasing temperature but low car-
rier concentration (nH < 5.1  1019 cm3) samples show an
intrinsic conduction at high temperatures.
The temperature dependent Seebeck coefficient is shown in
Fig. 5b. Seebeck coefficient for all the samples is positive and
consistent with the sign of the Hall coefficient. Importantly,
the enhancements on Seebeck coefficient due to the conver-
gence of two valence bands indeed persist to high tempera-
tures. This is well evidenced by the factor that alloys have a
much higher Seebeck coefficient even though the Hall carrier
concentration is higher than that of binary SnTe. A further
decrease in the Hall carrier concentration of Sn0.85Mn0.15Te
actually leads to a further enhancement on the Seebeck coef-
ficient. Therefore, the net mechanism for the high temperature
S-enhancement is neither a carrier concentration nor a carrier
scattering change (see Fig. 3b).
Alloying SnTe with MnTe not only converges the valence
bands (Fig. 2) for a high thermoelectric power factor, but also
significantly reduces the lattice thermal conductivity as shown
in Fig. 6. The lattice thermal conductivity is estimated by
subtracting the electronic contribution via the Wiedemann-
Franz law (ke ¼ LT/r) from the total thermal conductivity,
where L is the Lorenz factor. L is determined using a single
parabolic band (SPB) model based on acoustic phonon scat-
tering [73]. While it's a simple model, it has been concluded
that this model leads to an uncertainty no more than 10%
compared with complicated models, taking both non-parabolic
and multiple band effects into account in PbTe [21,65,74] with
very similar band structure and unchanged carrier scattering to
that of SnTe.
As an important parameter determining the lattice thermal
conductivity (kL), the sound velocity (vs) for the samples are
measured. It is found that vs (both longitudinal and transverse
branches) does not change more than 5% or show any trend
with varying Mn concentration. Therefore, we can exclude the
influence of vs on the lattice thermal conductivity. In fact, the300 400 500 600 700 800 900
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Fig. 6. Temperature dependent total thermal conductivity (к) and lattice
thermal conductivity (кL) of Sn1xMnxTe (a). The lattice thermal conductivity
reduction due to alloy defects scattering can be well predicted by the
DebyeeCallaway model (grey solid line).kL-reduction in alloys can be well understood by the
DebyeeCallaway model, where phonon scattering originates
from mass and strain contrasts. Our measured average sound
velocities for the longitudinal (3400 m/s) and the transverse
(1850 m/s) branches, measured lattice parameter of 6.33 Å,
and a lattice anharmonic parameter of 65 (a function of Gru¨-
neisen parameter) from literature [75] for PbTe are used for
the modeling. The model prediction for alloy with 15% mol.
MnTe is given as the grey solid line in Fig. 6. It is seen that the
experimental results, for a few different samples with the same
MnTe concentration, agree well with our model prediction. It
should be noted that, in order to obtain an accurate prediction
on кL, the model does not have to include the contribution of
phonon scattering by the Mn-rich domains as observed by
HAADF. This indicates that the Mn-rich domains should not
play a significant role on reducing кL. Comparing with the
amorphous limit of кL ~ 0.5 W/m-K estimated for SnTe
[18,50] that has been achieved in its alloy with nanostructures
[26,49], the lowest кL obtained in this work is ~0.8 W/m-K.
Therefore, it still remains a possible room for further reduction
by other strategies [4e13]. In addition to the reduced кL, the
observed reduced Hall mobility leads to a higher resistivity
and therefore a lower кe, resulting a much reduced total
thermal conductivity (к ¼ кLþ кe) through alloying.
As shown in Fig. 7a, the combined effects of band engi-
neering for an enhancement on electronic transport properties,
and alloy scattering for a reduction on lattice thermal con-
ductivity, successfully lead to a record peak zT of ~1.3 in the
form of SnTe alloy. In addition, the average zT in the tem-
perature range studied, is also found to be increased when
compared to other SnTe alloys with a similar band conver-
gence effect, as shown in Fig. 7b. It is also shown that the
obtained zTave in this work is much higher than that of SnTe
with a resonant doping [26,27]. This high zTave is actually
comparable with that can be achieved in Sn1xInx/2Cdx/2Te
through a dual-strategy including both alloying for band
convergence and resonant doping [26], suggesting
Sn1xMnxTe alloys as a promising thermoelectric material for
high efficiency power generation. The achieved high zT comes
largely from the well-enhanced Seebeck coefficient due to the
well-aligned bands when heavily alloyed with MnTe up to
15% mol.
4. Summary
Lead-free SnTe, alloyed with MnTe, behaves as an impor-
tant alternative to thermoelectric PbTe containing toxic Pb.
Alloying with MnTe up to 15% mol. engineers not only the
bands structure for a power factor enhancement but also the
phonon scattering for a lattice thermal conductivity reduction
in a favorable manner, which leads to a record peak zT and a
superior average zT among literature high performance SnTe
in the alloy form. With the well-demonstrated independent
strategies such as panosocpic approach for improving ther-
moelectrics, Sn1xMnxTe retains the availabilities for further
increased zT, due to its relatively high lattice thermal
conductivity.
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Fig. 7. Temperature dependent thermoelectric figure of merit (a) and its average value (b) between 300 and 900 K for Sn1xMnxTe, with a comparison to other SnTe
alloys [26]. This work not only shows a record peak zT but also a high zTave in alloy phase.
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